Introduction
============

Breast cancer continues to be a major hurdle, with one of eight women predicted to be diagnosed with breast cancer and with an estimated 230,000 cases this year.[@b1-bcbcr-suppl.2-2015-035] Breast cancer is traditionally treated with a combination of chemotherapy and surgery, with or without hormonal therapy depending on the stage and receptor expression. However, the search for other innovative therapies continues. After decades of failed trials and research, it appears that manipulating and harnessing the immune system's antitumor qualities is beginning to show promise for various tumors, particularly melanoma.[@b2-bcbcr-suppl.2-2015-035],[@b3-bcbcr-suppl.2-2015-035] As immunomodulation and immunotherapy is further studied with the information extrapolated to different tumors, the benefit for breast cancer has shown some compelling evidence, most recently presented by Nanda et al, at the 2014 San Antonio Breast Cancer Symposium on program death (PD-1) inhibitor, pembrolizumab (MK-3475), for triple-negative breast cancer. The outcome of this trial indicated that the application of immunotherapy for breast cancer requires more research for comparable outcome as for melanoma. This review discusses the novel approach for different immunotherapies in malignancy, with an emphasis on breast cancer.

Introduction to Immunotherapy
=============================

The human immune system has captured the interest, curiosity, and imagination of scientists for many years. The ability of the immune system to recognize all that is foreign for clearance while recognizing all that is self embodies the central dogma of immunotherapy. Mechanisms are in place to hold the immune system in check to avoid autoimmunity. On the other hand, what the immune system recognizes as "foreign" versus "self" colors a spectrum of foreign attack to autoimmunity. Bacteria are recognized as foreign due to vast differences from human being. In contrast, cancer cells that may be the result of a single gene deletion or mutations may not present much differently to the immune system than a normal cell. At the heart of immunomodulation is a balancing act between the immune system's recognition of a cancer cell and the avoidance of attacking self, which could lead to autoimmunity.

Immunotherapy was first practiced in the 19th century. At that time, the investigators were most likely unaware that a new field has begun. At that time, Coley observed a bacterial infection overlaying a neck mass, which resulted in resolution of the mass.[@b4-bcbcr-suppl.2-2015-035] It is probably unlikely that Coley had the scientific insight that antigen cross-reactivity between bacteria and tumor maybe the cause that incited an immune response that unlocked the antitumorigenic potential. He nonetheless began to inject the bacteria (eventually called Coley's toxins) into tumors. The limited results, in combination with the inability to explain this phenomenon, spawned a reluctant attitude from the scientific community to accept the findings. More so, promising results from chemotherapy and radiation came to fruition, and immunotherapy fell into the shadows of its therapeutic counterparts.

Championed by Dr. Farber and Dr. Hoentz, chemotherapy and radiation soon became the forefront of cancer therapy, and eventually the standard of care for many malignancies. Immunotherapy, on the other hand, continued to hold the interest by a group of scientists, thereby maintaining the field. In 1957, Burnet offered the explanation that antigenic differences between normal healthy cells and tumor cells allowed for immune recognition and subsequent eradication of the latter.[@b5-bcbcr-suppl.2-2015-035] Decades later, further evidence of antitumor effects of the immune system materialized as various researchers demonstrated a positive correlation between higher numbers of tumor-infiltrating lymphocytes (TILs) and positive prognosis.[@b6-bcbcr-suppl.2-2015-035]--[@b9-bcbcr-suppl.2-2015-035] Subsequently, the correlation of a faulty immune system and its role in malignancy came to light as tumor incidence was found to be more prevalent in those with immunosuppression even if it were to be partitioned into non-AIDS defining malignancies.[@b10-bcbcr-suppl.2-2015-035]--[@b14-bcbcr-suppl.2-2015-035] Additional evidence of the antitumor effect of TILs and T-cell effect includes the manipulation of IL-2, a T-cell growth factor. In the setting of various malignancies, IL-2 activation of T-cells demonstrated regression of invasive metastatic disease in melanoma and renal cancers.[@b15-bcbcr-suppl.2-2015-035],[@b16-bcbcr-suppl.2-2015-035] These findings suggested a positive correlation between an intact and functioning, and perhaps augmented, immune system and tumor cell death. IL-2 therapy supported the idea that augmenting the potential of an immune system, from its baseline level at diagnosis, may tip the scale in favor of antitumorigenic qualities and in fact is still used today at several institutions. Other mechanisms that are intrinsic to the tumor cell itself have become a major focal point. Self-attack, thwarting T-cell checkpoint mechanisms (PD-1 ligand \[PD-1L\] expression) known to exist on normal cells but recently described on tumor cells became a major area of study for a variety of tumors after extensive and significant results in melanoma. Finally, the tumor microenvironment itself can display characteristics that support the tumor for further growth and proliferation with impeding the immune system's antitumor effects. Interaction between the tumor and the immune system can then be broken up into mechanisms intrinsic to tumor cells, immune cell attack, and tumor microenvironment. However, each cannot be addressed individually without consideration of the other.

Immune Check Point Inhibitors
=============================

There are several ongoing investigations on immunotherapies, but currently, perhaps the most promising results have been linked to PD-1 and Cytotoxic T-lymphcyte-associated protein 4 (CTLA-4) agents most extensively tried in patients with melanoma and renal cell carcinoma.[@b17-bcbcr-suppl.2-2015-035],[@b18-bcbcr-suppl.2-2015-035] Briefly, PD-1L and other similar ligands are found in peripheral tissues and tumor, which interact with T-cells to inhibit an immune response. Thus, PD-1 and its ligand has become an attractive avenue for antitumor therapy.[@b19-bcbcr-suppl.2-2015-035],[@b20-bcbcr-suppl.2-2015-035] A similar mechanism with therapeutic promise exists with the immune regulatory T-cell molecule, CTLA-4.[@b21-bcbcr-suppl.2-2015-035] This has spawned the development of immunomodulatory agents for many cancers, including, but not limited to, non-small cell lung carcinoma[@b22-bcbcr-suppl.2-2015-035] and pancreatic cancer.[@b23-bcbcr-suppl.2-2015-035] Most relevant to this review, PD-1 has also been studied in breast cancer and the data indicated that its expression is particularly associated with more aggressive phenotypes.[@b24-bcbcr-suppl.2-2015-035],[@b25-bcbcr-suppl.2-2015-035] In addition, a recent report indicated that breast cancer correlated with poor prognosis in the setting of PD-1L expression.[@b26-bcbcr-suppl.2-2015-035] Nanda et al, at the 2014 San Antonio Breast Cancer Symposium, reported on a Phase Ib trial (MK-3475) with pembrolizumab, a humanized IgG4 PD-1 antibody. The results showed an overall response rate of 18% and a six-month progression-free survival of 23.3%. Finally, even though PD-1 and CTLA-4 agents have shown the most promise, efforts are underway to study PD-1 coinhibitory receptors that further suppress other T-cell subsets necessary for intact anti-immune functions of the immune system.[@b27-bcbcr-suppl.2-2015-035] At this time, it is yet to be determined if these coinhibitors could be used in conjunction with CTLA-4 or PD-1 agents and if the outcome would be synergistic. In this vein, PD-1, CTLA-4, and other immune checkpoint blockade agents may only be a piece of the puzzle in optimizing the antitumor qualities of the immune system in this setting. Furthermore, the cancer cell itself is only one target for an effective and potent immune response and the tumor microenvironment must also be addressed. Regardless, PD-1 checkpoint inhibitors continue to be investigated in a variety of tumors, including, but not limited to, solid and liquid tumors with over 100 clinical trials currently listed on [clinicaltrials.gov](http://clinicaltrials.gov), with 9 pertaining to breast cancer.

In line with the theme of modern antitumor therapeutics, studies on the microenvironment have also been under intense investigation. The tumor microenvironment has been studied as an avenue of intervention due to its nurturing effects for tumor cell survival, proliferation, and eventual progression. However, the role of tumor stromal cells to protect the cancer cell from immune attack has become an important area of interest. The infiltration of TILs has traditionally been viewed as an antitumor phenomenon and can perhaps be highlighted by recent studies, including a Phase II study demonstrating the robust prognostic factor of TILs in triple-negative breast cancer.[@b28-bcbcr-suppl.2-2015-035]--[@b31-bcbcr-suppl.2-2015-035] Conversely, the expression of PD-1 by immune cells is associated with low TILs and a poorer prognosis in renal cell carcinoma.[@b32-bcbcr-suppl.2-2015-035],[@b33-bcbcr-suppl.2-2015-035]

As the experimental evidence increases, the data suggest a more potent antitumor effect with higher levels of TIL and lower levels of PD-1. In some cases, there are contradicting evidences between TIL and PD-1 relationship. For example, T-cell-derived IFN-γ has been shown to upregulate PD-1L expression on tumor cells.[@b34-bcbcr-suppl.2-2015-035],[@b35-bcbcr-suppl.2-2015-035] The somewhat contradicting and most likely complicated relationship between TILs and PD-1L expression requires much more research in order to elucidate the possible crosstalk between the two ([Fig. 1](#f1-bcbcr-suppl.2-2015-035){ref-type="fig"}).

The issue of tumor heterogeneity as it relates to chemotherapy has been extensively studied. A similar concern has shown little attention when designing immune therapy. While PD-1L agents have shown promise for treating tumors, studies to stratify the affected cells should be a major concern moving forward. Specifically, tumor heterogeneity may reveal particular subsets of cells that may be resistant to the immunotherapy. This might be similar to cancer stem cells that resist chemotherapy. Recent studies demonstrated that, in particular, breast cancer cell lines, such as those with a triple-negative hormone phenotype, show different expressions of PD-1L. This suggested that perhaps a subset of breast cancer cells may show increased invasiveness with high PD-1L to evade immune surveillance.[@b36-bcbcr-suppl.2-2015-035] The expression of PD-1L, unsurprisingly, has also been identified with the potential as a prognostic marker.[@b3-bcbcr-suppl.2-2015-035] However, PD-1L as a biomarker may not be efficient because despite undetected in tumors, the patients responded to the inhibitor.[@b37-bcbcr-suppl.2-2015-035] The heterogeneity of PD-1L expression could perhaps demonstrate that PD-1 agents may only be part of the solution. If so, this would require additional agents to complement tumor cell killing. The combined use of PD-1 and CTLA-4 inhibitors showed promising outcome for melanoma treatment.[@b38-bcbcr-suppl.2-2015-035] This has recently been confirmed in the Phase III checkmate 067 study.[@b39-bcbcr-suppl.2-2015-035]

Further investigations are needed to determine the optimal doses for combined use of immunotherapeutic agents. On the other hand, efficient anticancer treatment may require the use of chemotherapy with an immunomodulating agent. It is possible that the research might indicate that multiple agents within both categories should be combined, in addition to tumor vaccine, partly to differentiate tumor cells into cells that will undergo death through senescence ([Fig. 2](#f2-bcbcr-suppl.2-2015-035){ref-type="fig"}). These decisions are important because combination of immune modulating agents has been linked to serious side effects.[@b40-bcbcr-suppl.2-2015-035],[@b41-bcbcr-suppl.2-2015-035]

The ability to ascertain the characteristics of "superresponders" and to scrutinize those of nonresponders may hold a key to future combinatorial regimens. The selection criteria to enroll patients for immune checkpoint inhibitors would depend on the tumor as well as the individual immune profile. Regarding tumor heterogeneity, tumor-initiating cells, otherwise known as cancer stem cells, may represent a different population of cells that make up the bulk of the tumor. Cells that are positive for stem cell markers, such as Oct4, Msi1, and nanog, may have a different immune modulatory signature than cells comprising the tumor bulk. Regulatory influences on immune checkpoint inhibitors propose another avenue for therapeutic potential.

Microenvironment
================

The tumor microenvironment harbors many pro-tumorigenic and immunosuppressive qualities that are consistent with protecting the tumor cells from the immune system, thereby thwarting the antitumor mechanisms to support tumor cell survival, proliferation, and eventual metastasis. The tumor microenvironment itself forms a hostile environment for immune cells at the tumor site, although there are many existing barriers to inhibit successful tumor infiltration. In a normal setting, lymphocytes home toward the site of tumor but require a number of events and conditions for success. Trafficking into the tumor site is one of the first and most important mechanisms to dissect when evaluating the relationship between TILs and the tumor microenvironment. Chemokines for CXCR3/CXCR5, one of the major chemokine receptors for TILs, facilitate tumor infiltration with increased expression.[@b42-bcbcr-suppl.2-2015-035] However, not all tumors, including breast cancer, express chemokines at a level to facilitate tumor infiltration.[@b43-bcbcr-suppl.2-2015-035],[@b44-bcbcr-suppl.2-2015-035] There are other conditions that may also hinder TIL, including decreased expression of attachment factors such as ICAM-1 and -2 and VCAM-1 seen in several types of malignancy.[@b45-bcbcr-suppl.2-2015-035] Finally, the tumor site itself shows anti-immunogenic properties.

The tumor environment comprises several factors. A detailed discussion of these factors is beyond the scope of this review but is important to understand how tumors interact with the microenvironment. Among cells within the microenvironment are myeloid-derived suppressor cells, regulatory T-cells (T~reg~), and tumor-associated macrophages (TAMs). These cells have gained much attention and have shown to contribute to an environment that supports tumor growth.[@b46-bcbcr-suppl.2-2015-035]--[@b48-bcbcr-suppl.2-2015-035] The roles of these different infiltrating cells must be considered when developing antitumor modalities, particularly cell-based therapies that require engineered cells that home to the tumor. In this sense, agents that propagate cell-based immunotherapies must be considered in combination with other agents that may circumvent antitumor mechanisms. In this vein, there are questions if cell-based therapies can be used in conjunction with agents shown to decrease adhesion molecules to ensure TIL infiltration and PD-1L agents to activate cell cytotoxicity. Considering the advent of various avenues of antitumorigenic intervention, research studies could show a convergence of the different cellular mechanisms with antitumor properties.

Adoptive Cell Therapy---Chimeric Antigen Receptor T-cells
=========================================================

Adoptive T-cell transfer, a term first developed in the 1950s,[@b49-bcbcr-suppl.2-2015-035] laid the groundwork for the potent effects of tumor-infused lymphocytes that would serve as a key precursor to current investigations into CAR T-cells.[@b50-bcbcr-suppl.2-2015-035],[@b51-bcbcr-suppl.2-2015-035] CAR T-cells are hybrid receptors that contain both an extracellular antigen recognizing domain and an intracellular domain that activate signaling cascades. While the native T-cell receptor (TCR)-CD3 complex is composed of six different components (α, β, γ, δ, ε, ζ), the ζ chain, in particular, is capable of downstream signaling. Eshhar et al first demonstrated that the single-chain of an Fv antibody molecule was fused to the γ chain of the Fc receptor or to the ζ of the CD3 complex resulting in T-cells that exhibited both antibody type specificity and subsequent IL-2 cytotoxic cell signaling.[@b52-bcbcr-suppl.2-2015-035] As time has passed, this modality has evolved significantly, notably with regard to the costimulatory domains. T-cell activation by the TCR alone, however, does not illicit antitumor effects in addition to cytokine production, proliferation, and persistence. This quandary had provoked researchers to investigate costimulatory domains.

The costimulatory domains have borne the classifications of CAR T-cells: first-, second-, and third-generation CARs. While there are a number of costimulatory domains, including, but not limited to, Inducible T-cell co-stimulator (ICOS), CD28, 4-1BB, and OX40, CD28 seems to be the most studied and most effective.[@b53-bcbcr-suppl.2-2015-035]--[@b55-bcbcr-suppl.2-2015-035] This concept, more importantly, has been demonstrated in a clinical trial with CD19-CAR-modified T-cells that were administered with non-Hodgkin's B-cell lymphomas.[@b56-bcbcr-suppl.2-2015-035] The original single costimulatory domain in CAR T-cells has been coined as first-generation CARs. Second-generation CARs include those with two costimulatory domains engineered in the intracellular space, and third-generation CARs carry multiple intracellular costimulatory domains (ie, CD28, 4-1BB) but yet show positive or promising results.[@b15-bcbcr-suppl.2-2015-035],[@b57-bcbcr-suppl.2-2015-035]

There are several characteristics of CAR T-cells that offer a particular advantage when compared with other cell-based immunotherapies. These target-binding sites display an affinity much higher than TCRs, but most important are MHC independent, lending itself away from tumor escape secondary to MHC loss variants. This may prove to be a specific advantage over NK cell therapy, which depends on the recognition of MHC receptors. Another particular advantage of CAR T-cells includes the ability to cross the blood--brain barrier.[@b54-bcbcr-suppl.2-2015-035] This characteristic may prove to be invaluable in treating malignancies that may involve or have metastasized to the central nervous system. However, side effects involving central nervous system must also be taken into consideration. Uniquely, infusing manipulated T-cells could circumvent the toxic side effects of chemotherapy, and while killing efficiency is not as robust initially in this cell-based immunotherapy, it holds promise for a lasting antitumor response reflected in the development of memory T-cells.[@b57-bcbcr-suppl.2-2015-035]

A particular concern of CAR T-cells is the concept of "on-target, off-tumor toxicity." This can otherwise be described as the ability of CAR to recognize self-antigens that display similar affinity to target tumor antigens. This is a well-recognized phenomenon and has attributed to a number of different toxicities and side effects. While this is currently a major concern, it remains to be seen whether CAR development will evolve to create specific antibodies that mitigate "on-target, off-tumor toxicity".

Clinical side effects, however, must also be addressed. Perhaps the most well-documented side effect include cytokine release syndrome, which is driven by a number of cytokines, including IFN-γ, TNF-α, and IL-2,[@b58-bcbcr-suppl.2-2015-035],[@b59-bcbcr-suppl.2-2015-035] and, most importantly, IL-6.[@b54-bcbcr-suppl.2-2015-035] Patients who suffer from cytokine release syndrome display fever as high as 104°F, myalgias, nausea, and anorexia with complications that may include hemodynamic or respiratory instability requiring admissions to the intensive care unit with supportive care and steroid administration.[@b58-bcbcr-suppl.2-2015-035] On the other hand, significant progress has been made with the anti-IL-6 receptor monoclonal antibody, toclizumab previously studied in glucocorticoid-resistant graft-versus-host disease (GvHD).[@b60-bcbcr-suppl.2-2015-035] There is a need for further investigation of CAR T-cells; cytokine release syndrome also needs to be studied further and addressed.

As CAR T-cells are engineered further, a particular approach to build CAR T-cells involves the sustained response through replenishment. Specifically, CAR T-cells are traditionally engineered through viral gene transfer to peripheral T-cells.[@b61-bcbcr-suppl.2-2015-035] On the other hand, CAR-engineered hematopoietic stem cells may provide a continuous source of targeted antitumor effects that would sustain remissions. Further evidence has shown that the transfer to less mature stem cell-like cells offers increased persistence and replenishing capabilities in vivo.

CAR T-cells display some persistent antitumor effects in a way that could prove to be longstanding. At the same time, the introduction of CAR genes through lentivirus (or other retroviruses, etc.) has been achieved in T-cells. An interesting concept that would induce longstanding antitumor qualities would be the introduction of these genes into hematopoietic stem cells. Furthermore, as the most primitive line of blood cells, these effects could transcend multiple blood lines, including, but not limited to, NK cells. One particular limitation of this idea is the tendency of hematopoietic stem cells to differentiate if removed from their bone marrow niche. This obstacle may be circumvented through delivery directly into the bone marrow, as opposed to extracting HSCs and then reinfusing, but identifying a vehicle that can enter the bone marrow and transfer DNA may prove to be a major challenge.

To date, the most significant positive outcome with CAR T-cells have been reported for leukemia. However, a similar positive outcome for solid tumors, such as breast cancer, needs to overcome several barriers. This is particularly a challenge because solid tumors do not have common markers as for the leukemias. A recent study investigated the use of CAR T-cells in the murine model of breast cancer and the results showed modest improvement.[@b62-bcbcr-suppl.2-2015-035] The study design, however, brings to light a major problem that needs to be addressed before CAR therapy is to be considered a standard of care over chemotherapy. The observation that multiple administrations of CAR T-cells needed to be infused into the mice for a durable response does not contribute to the idea that this does not follow the dynamics of chemotherapy. This brings up an interesting point on questions whether or not the use of naive memory-type CAR T-cells would be more efficient than the effector approach currently being developed. This approach would ensure that the CAR T-cells are not exhausted or undergo activation-induced cell death.[@b63-bcbcr-suppl.2-2015-035] Currently, scientists at the University of Pennsylvania have been studying the utility of CAR T-cells in breast cancer patients (NCT01837602). CAR T-cells as a therapeutic modality in solid tumors could prove to be a targeted approach with long-lasting effects.

The future of antitumor agents will most likely include cell-based therapies, in addition to chemotherapy and possibly in combination. In addition to the direct cytotoxic activity, killing of T-cells, there is also evidence with regard to the disruptive effect that TILs have on the stromal environment of tumors.[@b64-bcbcr-suppl.2-2015-035] This approach could be an efficient mechanism of CAR T-cells for solid tumors. Since only a small number of TILs are able to infiltrate the tumor site, CAR T-cells may need to be targeted to these cells.[@b45-bcbcr-suppl.2-2015-035] Another possible concern with cell-based therapies is immunoediting of tumor antigens. As tumor cells are destroyed by CAR T-cells, which will at some point be formed from memory cells, they are indeed directed against the tumor antigen that was originally engineered to recognize. In this setting, immunomodulation may prove to be a problem as antigenic shift may cause tumor cells to evolve in a way to create new tumor antigens that may not be recognized by the original CAR T-cells. Tumor evasion, previously described as an evasion mechanism in chemotherapy, may become a dilemma in cell-based therapies.

The use of CAR T-cells has shown promise with hematological malignancies. However, it is unlikely that CAR T-cell treatment will replace chemotherapy. Safety studies using Her2 CAR T-cells for solid tumors have shown promise.[@b65-bcbcr-suppl.2-2015-035],[@b66-bcbcr-suppl.2-2015-035] Going forward, experimental treatment will be required to determine how the CAR T-cell approach will be combined with chemotherapy for solid tumors, such as breast cancer.

The advent of hierarchy in the differentiation of memory T-cells from memory T-stem cell could lead to a continuous supply of CAR T-cells. Alternatively, CAR T-cells could have also been provided in a sustained manner by engineering hematopoietic stem cells with CAR.[@b67-bcbcr-suppl.2-2015-035]

Mesenchymal Stem Cells
======================

Mesenchymal stem cells (MSCs) remain an elusive but potentially powerful protumor cells mostly due to their ability to be immune suppressors. MSCs are multipotent progenitor cells originally reported in the bone marrow stroma. Given their role in immunosuppression and inflammation, interest in elucidating what factors dictate its polarity is growing. Understanding the role of immunosuppression of MSCs in the microenvironment, thwarting an antitumor immune attack, in addition to understanding the pro-inflammatory role of MSCs, may unlock a potentially powerful mechanism for antitumor therapeutics. As previously mentioned, the tumor microenvironment has become a major focal point of understanding tumor cell survival, including those cells that act as a defense mechanism against TILs.

MSCs have been demonstrated to home to the tumor microenvironment and subsequently differentiate into cells that support the cancer niche, including, but not limited to, tumor-associated myofibroblasts, cancer-associated fibroblasts.[@b68-bcbcr-suppl.2-2015-035]--[@b72-bcbcr-suppl.2-2015-035] Under the influence of TNF-α and lymphotoxin-α1β2, MSCs have also been shown to promote microenvironment immunosuppression and tumor stroma genesis as lymphoma cell differentiation into stroma cells.[@b73-bcbcr-suppl.2-2015-035]

Further comprehension of this process may demonstrate avenues of intervention preventing MSC homing and contribution to the microenvironment, yet manipulating this intrinsic homing mechanism may prove to be of significant therapeutic benefit. Due to the homing ability of MSCs to tumors, these stem cells have been engineered as drug delivery system. The cytokine, IFN-β, delivered with MSCs, has been shown to promote a variety of antitumor effects, including differentiation and apoptosis.[@b74-bcbcr-suppl.2-2015-035],[@b75-bcbcr-suppl.2-2015-035] The hope of delivery of such cytokines or other small molecule delivery to the tumor site may prove to be a valuable and safe modality of tumor intervention.

Tumor microenvironment immunosuppression has been a major focal point of this report as well as other schools of thought. This property of MSCs can be an advantage in other areas of tumor treatments. Specifically, the immunosuppressive property of MSC can be an invaluable function in circumstances of GvHD in bone marrow transplantation (BMT).

Interestingly, MSC-based therapies have shown promise particularly in the setting of acute GvHD but have been less promising in chronic GvHD.[@b76-bcbcr-suppl.2-2015-035]--[@b79-bcbcr-suppl.2-2015-035] Perhaps the most delirious pitfall of MSC therapy for GvHD is the potential for relapse and the loss of graft-versus-tumor effect, as seen in a study of leukemia.[@b80-bcbcr-suppl.2-2015-035] The promising potential of MSC therapy in GvHD, in addition to positive results thus far, warrants further research for MSCs for the potential to be a significant option for patients with GvHD status post-BMT. Currently, there are over 30 trials found on [clinicaltrials.gov](http://clinicaltrials.gov) on the role of MSCs in GvHD in the setting of BMT.

Tumor-associated Macrophages
============================

In the bone marrow, monocytes are derived from myeloid progenitor cells. Monocytes leave the bone marrow and enter peripheral blood, where they circulate throughout systemic circulation to support inflammation as well as ensure cellular homeostasis.[@b81-bcbcr-suppl.2-2015-035] Monocytes are recruited toward tissues where they mature into macrophages (MΦ).[@b82-bcbcr-suppl.2-2015-035] Depending on the soluble factors released from the microenvironment, they can differentiate from monocytes into either pro-inflammatory (M1 type MΦ) or anti-inflammatory (M2 type MΦ).[@b83-bcbcr-suppl.2-2015-035] During tissue inflammation, M1 MΦ are activated and release pro-inflammatory cytokines to combat microbial infections. To subside the inflammatory response, M2 MΦ are activated and release anti-inflammatory cytokines to aid in tissue remodeling.[@b84-bcbcr-suppl.2-2015-035]

During tumor growth and metastasis, TAMs infiltrate the tumor where they use the immunosuppressive properties to protect tumor cells and support tumor remodeling and metastasis.[@b85-bcbcr-suppl.2-2015-035] Once inside the tumor, TAMs can migrate toward the hypoxic region of the tumor, releasing various cytokines and growth factors forming blood vessels and epithelial cells.[@b86-bcbcr-suppl.2-2015-035] Like other cells, such as MSCs, TAMs can contribute to the tumor cell microenvironment and further support tumor cell survival.

Immune surveillance is the body's defense mechanism for protection against malignant tumor formation; however, some cancers can evade the immune system in similar ways as foreign pathogens.[@b87-bcbcr-suppl.2-2015-035] During numerous cell cycle events within a tumor, mutations can result in tumor evasion. For example, loss of Human leukocyte antigen-1 (HLA 1) molecules has been shown, during multiple cellular divisions in tumors.[@b88-bcbcr-suppl.2-2015-035] The tumor microenvironment can influence MF polarization by releasing particular cytokines that causes reprograming of the infiltrating MΦ to differentiate into TAMs, resulting in immune tolerance and thereby supporting tumor progression.[@b89-bcbcr-suppl.2-2015-035],[@b90-bcbcr-suppl.2-2015-035]

Macrophage as Immunotherapeutic Agent
=====================================

As discussed above for MSCs, the utilization of MΦ as drug delivery agents to the tumor is a new and innovative area of therapeutics. Since MΦs can enter tumors and migrate toward the hypoxic region of the tumor,[@b91-bcbcr-suppl.2-2015-035] the usage of MΦ, engineered to produce cytokines, antibodies, or other molecules, can be a method to cause tumor regression. Liposomes encapsulated MΦ containing doxorubicin as biocarrier molecules was used to deliver chemotherapeutic agents to A549 non-small cell lung cancer cells.[@b92-bcbcr-suppl.2-2015-035] Time release of packaged material, specific location of drug toward the tumor, and a decrease of immune tolerance provide advantages to using MΦ as biocarrier for future therapeutic options to treat cancer.

Conclusion
==========

The silver bullet of antitumorigenic cell-based therapies or a single immune modulating agent is a highly sought after, yet perhaps the limitations of a single approach may be circumvented with the introduction of a second or even third intervention. While the results of immunomodulating agents or CAR T-cells have been promising, perhaps the full optimization of this therapy has yet to be harnessed. In light of further understanding of the immunosuppressive characteristics of the tumor microenvironment and its stroma, perhaps agents that target those mechanisms in conjunction with cell-based therapies would demonstrate better results than either agent alone. Agents against multiple targets in a pathway have shown good results in a number of tumors and advocate combinatory use of multiple agents in treating a single patient, yet autoimmunity must remain a major concern when implementing these therapies ([Fig. 3](#f3-bcbcr-suppl.2-2015-035){ref-type="fig"}). In the era where cell-based therapies are beginning to be considered as a success, this form of treatment could be considered as the standard for antitumorigenic regimens. Perhaps tumor therapeutics is entering a time where cell-based therapies will only be part of a regimen that is needed to optimize the efficacy of nonbiologics. It may be better to fight a war with a choreographed army than a "single bullet." To reiterate what was discussed above, although we promote combinatorial treatment among cell-based treatment and other drugs, there are side effects to such approaches.
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![Paradoxical relationship between antitumor effect of TILs and upregulation of PD-1L in tumor cells. TILs, though shown to have a positive correlation in antitumor qualities of the immune system, have also been paradoxically demonstrated to upregulate PD-1L expression on tumor cell through IFN-γ release, a mechanism for tumor immune evasion.](bcbcr-suppl.2-2015-035f1){#f1-bcbcr-suppl.2-2015-035}

![PD-1 and CD28 on T-cells interact with PD-1L and B7 on tumor cells and suppress T-cell activity. PD-1 and CTLA-4 agents interfere with this interaction. Further combinatorial effects of chemotherapy by targeted mechanisms in the setting of immune cell attack may augment tumor cell killing. Tumor vaccine therapy may be a further way to block intrinsic processing and presentation of immune modulating receptors, including PD-1L and B7, found on the tumor cell surface.](bcbcr-suppl.2-2015-035f2){#f2-bcbcr-suppl.2-2015-035}

![As the choice of antitumor therapeutics continues to grow, the consideration of combining multiple agents is inevitable. Gaining an appropriate antitumor effect without significant side effects of provoking autoimmunity in the patient will be a major consideration in the clinic and early phases of clinical trials.](bcbcr-suppl.2-2015-035f3){#f3-bcbcr-suppl.2-2015-035}
